The Armadillo protein of Drosophila melanogaster is both a structural component of adherens junctions at apical cell membranes and also a key cytoplasmic transducer of the Wingless signalling pathway. We have used the Gal4-UAS system to over-express Armadillo in the Drosophila wing: this hyperactivates the Wingless pathway and leads to the formation of ectopic, supernumerary wing bristles. Here, we report that this adult phenotype is dominantly enhanced by mutations in cdc25 string and, conversely, is suppressed by co-expression of Cdc25
Introduction
The three processes of cell division, cell determination and intercellular adhesion must be seamlessly co-ordinated during metazoan development. One molecule that is acknowledged to affect at least two of these phenomena is the Armadillo (Arm) protein of Drosophila. First, Arm (or b-catenin in vertebrates) is a key transducer in the Wingless (Wg)/Wnt signalling pathway that directs cell fate decisions throughout development (Miller and Moon, 1996; Dale, 1998) . The level of cytoplasmic Arm is pivotal in determining the output of Wg signalling. In the absence of Wg, Arm is constantly phosphorylated by the Shaggy/GSK-3b kinase, and this in turn targets Arm for degradation by the proteasome. Wg stimulation results in the inhibition of Shaggy and the consequent accumulation of hypophosphorylated Arm in the cytoplasm. Once stabilized, Arm enters the nucleus and acts in concert with Pangolin/TCF transcription factors to activate Wg-responsive genes.
A second characterized function of Arm is to act as a structural component of adherens junctions in epithelial cells (Peifer and Wieschaus, 1990 ). There, it forms a strong link between E-cadherin and the actin cytoskeleton and is essential for epithelial integrity (Peifer et al., 1993; Cox et al., 1996) . Junctional Arm is thought to be refractory to Shaggy-mediated phosphorylation and proteolysis, and thus its levels remain high irrespective of Wg stimulation. The corollary of this is that the membrane-bound pool of Arm cannot participate directly in Wg signal transduction (Sanson et al., 1996; Cox et al., 1999) .
Arm/b-catenin has also been implicated in a third cellular process, namely the regulation of cell proliferation. In vertebrates, inappropriate activation of Wnt-b-catenin signalling has been linked with hyperplasia (Polakis, 2000) and overexpressed b-catenin stimulates cell proliferation in cultured human cells (Orford et al., 1999; Zhu and Watt, 1999) . Furthermore, cyclin D1 and c-myc, which encode factors that promote S phase entry, are thought to be targets of Wnt signalling (He et al., 1998; Shtutman et al., 1999; Tetsu and McCormick, 1999) . In Drosophila, Wg-Arm signalling also promotes cell cycle progression, both in the embryonic Malpighian tubules (Skaer and Martinez Arias, 1992) and in the early larval imaginal wing disc (Diaz-Benjumea and Cohen, 1995; Neumann and Cohen, 1996) . However, the opposite is seen near the dorsal-ventral (d-v) boundary of late imaginal wing discs where Wg inhibits cell proliferation .
In this paper, we report evidence for a reverse regulatory interaction: that Wg-Arm signalling may be modulated in a cell cycle-dependent manner in Drosophila imaginal disc cells. We find that the stabilization and signalling ability of over-expressed Arm is affected by the gene dosage of the mitotic promoter Cdc25
String (Stg). Indeed, cytoplasmic Arm levels appear to be reduced during the mitotic phase of the cell cycle. Intriguingly, junctional Arm also appears to diminish at this time. These observations suggest that mitotic down-regulation of Arm might reduce Wingless signal transduction and/or intercellular adhesion during cell division. We speculate on why such effects might be important during the proliferation and patterning of multicellular tissues.
Results
In wild type imaginal wing discs, Wg-Arm signalling at the dorsal-ventral boundary leads to the formation of bristles at the adult wing margin (Phillips and Whittle, 1993) . Flies in which Arm is over-expressed in the posterior half of the wing (via a UAS-Arm transgene under the control of Engrailed (En)-Gal4, termed 'En.Arm') experience excessive Wg signalling and develop ectopic margin bristles in the wing blade Fig. 1A) . This phenotype has been shown to be sensitive to the dosage of genes encoding known members of the Wg pathway (Greaves et al., 1999; Marygold, 2001) . For example, halving the gene dosage of shaggy (sgg), which encodes an inhibitor of Wg signalling, increases the number of ectopic bristles formed in the En.Arm background (Fig. 1B) . Previously, our laboratory has utilized this 'Arm-sensitized' background to conduct a genetic screen (Greaves et al., 1999) : several additional mutations were identified that dominantly enhance or suppress the En.Arm wing phenotype and thus define genes that might modulate Wg signalling. One robust interactor in this assay is stg (Marygold, 2001) .
En.Arm wings that are heterozygous for any one of several stg mutant alleles exhibit a greater number of ectopic bristles than control En.Arm/1 wings (Fig. 1C, E) . Conversely, co-expression of Stg in En.Arm wings reduces the number of ectopic bristles (Fig. 1D, E ). These results demonstrate that stg is a specific, dosage-sensitive modifier of the En.Arm bristle phenotype. The same interactions are seen in C96.Arm wings in which Arm is over-expressed using a different Gal4 driver that is expressed in a band of cells straddling the prospective wing margin ( Fig. 1F, G ; Gustafson and Boulianne, 1996) . Therefore, the Arm-Stg interaction is unlikely to be caused indirectly through effects on a particular Gal4 driver.
The genetic interactions described above suggest that a Stg-dependent mechanism might normally reduce the efficacy of Wg signalling. To investigate this possibility further, we turned to earlier stages of wing development and examined the expression of Arm protein in En.Arm and C96.Arm imaginal wing discs in which the dosage of stg was manipulated.
In En.Arm/1 controls, membrane-associated, presumably junctional Arm is readily detected throughout the wing disc at low levels (Fig. 2B) . However, even though Arm is over-expressed (via the UAS-Arm transgene) throughout the posterior half of the disc ( Fig. 2A ), higher levels of Arm protein are only detected within a subset of the cells within the posterior compartment (Fig. 2B) . Presumably, the excess Arm is readily degraded in most cells of the disc as they do not receive sufficient Wg stimulation (Miller and Moon, 1996; Dale, 1998 the d-v boundary of the wing disc, where Wg is produced (Phillips and Whittle, 1993) , although high Arm levels are also seen sporadically some distance away from the d-v border ( Fig. 2B ).
Halving the dosage of stg in the En.Arm background results in more cells maintaining high levels of Arm across the posterior compartment of the disc (Fig. 2C) . Notably, this increased stabilization of Arm is not confined to cells proximal to the d-v boundary, perhaps indicating that the cause of this phenomenon is somewhat independent of Wg signalling (see below). Co-expression of Stg in En.Arm wing discs has the opposite effect and causes a striking decrease in the number of Arm-positive cells (Fig. 2D ).
Similar effects on Arm levels are seen in C96.Arm imaginal wing discs in which stg dosage is manipulated ( Fig. 3A-D ). These observations in larval wing discs are consistent with the interactions revealed in the adult phenotypes ( Fig.  1) . Taken together, they support a model whereby Stg activity impairs Wg transduction by reducing the level of signalling (i.e. cytoplasmic) Arm.
The experiments described above demonstrate that Arm protein levels, when expressed from a heterologous promoter, are affected by the gene dosage of stg. Thus one possibility is that Stg activity could alter the turnover of the Arm protein. To test this idea more directly, we investigated whether expression of a non-degradable form of Arm that Zecca et al., 1996) is sensitive to changes in stg dosage in C96.Arm Flu-D discs ( Fig. 3E-H) . In contrast to our findings with wild type Arm, expression levels of the Arm Flu-D protein are relatively resistant to changes in Stg levels. Similar results were also obtained using a different form of undegradable Arm (Arm S10 ; Pai et al., 1997 ; data not shown). These results are consistent with the suggestion that Stg activity alters the stability of the wild type Arm protein in the cell cytoplasm.
Stg is a Cdc25-like tyrosine phosphatase whose only reported function is to remove a key inhibitory phosphate from Cdk1 (Cdc2) at the G2-M transition and thus induce mitotic entry (Edgar and O'Farrell, 1989; Kumagai and Dunphy, 1991) . Moreover, during normal Drosophila cell cycles, Stg expression is rate-limiting for mitotic entry (Edgar and O'Farrell, 1990; Neufeld et al., 1998) . This suggests that some aspects of mitosis are able to modulate the stability of cytoplasmic Arm in the imaginal disc assays described thus far. To investigate this hypothesis further, we used a heat shock (hs)-Stg transgene (Edgar and O'Farrell, 1990) to induce a discrete pulse of Stg expression (and therefore mitoses) in En.Arm larvae and assessed the effect on Arm distribution in wing discs shortly afterwards (see Section 4). Mitotic cells were revealed by staining with an anti-phosphohistone H3 (PH3) antibody. As an initial control, En.Arm/1; hs-Stg/1 wing discs that did not receive a heat shock were examined (Fig. 4A, A 0 ). As expected, the presence of the hs-Stg transgene is innocuous in the absence of heat shock and Arm staining is similar to 
that in En.Arm/1 discs (compare Fig. 4A to Fig. 2B ). As an additional control, we also heat shocked En.Arm/1 discs that lacked the hs-Stg transgene. Unexpectedly, Arm levels are increased throughout the posterior half of the disc (Fig. 4B) . That is, heat shock alone (without induction of Stg expression) results in substantial stabilization of the over-expressed Arm protein. Moreover, this phenomenon is accompanied by a stark reduction in the mitotic index (Fig. 4B  0 ; also see Maldonado-Codina et al., 1993) . It is thus tempting to speculate that this enhanced stability of Arm after heat shock may be caused by the inhibition of mitoses, although other explanations are possible. In contrast to the effect of heat shock alone, heat shockinduced Stg expression in En.Arm/1; hs-Stg/1 discs leads to a vast excess of mitoses throughout the disc (compare Fig. 4C 0 to 4B 0 ). Importantly, this increased mito- tic index is accompanied by a concomitant reduction in the number of Arm-positive cells within the posterior compartment compared to the effect of heat shock alone (compare Fig. 4C to 4B ). These observations can be summarized as follows. First, an interphase state caused by inhibition of mitoses after heat shock correlates with increased Arm levels. Second, global induction of Stg-mediated mitoses across the wing disc reduces the overall number of Armpositive cells (compared to the effects of heat shock alone). Together, these findings suggest a correlation between passage through mitosis and a reduction in Arm levels in imaginal wing disc cells. We next asked whether mitosis correlates with decreased Arm levels in individual cells within imaginal wing discs. In a first set of experiments, En.Arm discs were co-stained with anti-Arm antibody (Fig. 5A, B) and either anti-PH3 (Fig. 5A 0 ) or anti-E-cadherin antibody (Fig. 5B  0 ) and viewed at high magnification. Anti-PH3 staining detects cells at all stages of mitosis, whereas anti-E-cadherin staining simply outlines cell membranes and thus only reveals cells in late stages of mitosis (late anaphase and telophase) by virtue of their ovoid shape and larger planar area. On the basis of either criterion, cells that maintain the highest levels of cytoplasmic Arm are invariably non-mitotic. Conversely, the presence of a mitotic figure correlates strongly with relatively lower cytoplasmic Arm within that cell. We note that this latter correlation is not absolute, especially when assessing Arm levels in PH3-positive mitotic cells (although see Section 3). Nevertheless, these observations are consistent with a model in which passage through mitosis results in significant down-regulation of cytoplasmic Arm protein within individual cells. Finally, we asked whether cytoplasmic Arm expressed at normal levels from its own promoter is reduced during mitosis in imaginal wing disc cells. To ease detection, we used a mini-gene expressing GFP-tagged Arm (see Section 4). In GFP-Arm imaginal wing discs, a haze of cytoplasmic GFPArm fluorescence can be seen in cells straddling the d-v boundary (Fig. 5C ). Significantly, mitotic cells within this region (recognizable by their ovoid appearance and DAPI staining (not shown)) have lower levels of cytoplasmic GFP-Arm as compared to adjacent interphase cells (Fig.  5D, E) . Intriguingly, these mitotic cells also show clearly reduced levels of membrane-associated GFP-Arm as compared to their interphase neighbours (Fig. 5D ). These findings show that the reduction in Arm levels at mitosis reported thus far is not an artefact of our over-expression system, but rather that the phenomenon occurs when arm is expressed at normal levels. Furthermore, these high resolution studies with GFP-Arm indicate that both cytoplasmic (signalling) and membrane-associated (junctional) Arm may be targeted for mitotic destruction. These findings may have significant implications for the integrity of Wg signalling and cell-cell adhesion during cell division (see Section 3).
Discussion
In this paper we have shown that the Drosophila Cdc25 tyrosine phosphatase homologue, Stg, has gene dosagedependent effects on Wg-Arm signalling in the adult wing ( Fig. 1) and on Arm protein stability in imaginal wing disc cells (Figs. 2 and 3) . The nature of these interactions suggest that Stg behaves as a negative regulator of Wg-Arm signalling: over-expression of Stg lowers Arm levels and inhibits Wg signal transduction, while a reduction of stg dosage has the opposite effect. Stg is the major mitotic inducer in Drosophila cells. Consistent with this role, we find that inhibition of mitoses in imaginal wing discs increases the number of cells containing high Arm levels, while induction of mitoses across the disc reduces Arm levels (Fig. 4) . At the cellular level, high cytoplasmic Arm expression is only detected in cells which are in interphase, while cells undergoing mitosis show reduced levels of cytoplasmic Arm (Fig.  5) . Taken together, these data suggest that cytoplasmic Arm is destabilized or degraded significantly during Stgmediated mitosis and that this effect can attenuate Wg signalling (Fig. 6) .
When looking at cellular resolution (Fig. 5) , we found that the correlation between interphase/mitosis and, respectively, high/low cytoplasmic Arm levels was not absolute. First, an interphase state does not necessarily predict high Arm expression, and conversely, low Arm levels are not found solely in mitotic cells. Clearly factors other than cell cycle phasing (such as the degree of Wg reception) influence Arm stabilization. Nonetheless, passage through mitosis results in a detectable and tangible decrease in Arm stability and Wg signalling. Second, although high levels of cytoplasmic Arm were never observed in mitotic cells identified by their characteristic cell shape changes (Fig. 5B, D) , we did observe rare mitotic cells that had relatively high cytoplasmic Arm when they were identified by staining positive for the anti-PH3 mitotic marker (Fig. 5A ). This apparent discrepancy may be explained if Arm is destroyed only during a late phase of mitotic progression: mitotic cells only take on an ovoid, elongate appearance during late anaphase and telophase, while in contrast, the anti-PH3 antibody detects all phases of mitosis (Giet and Glover, 2001) . That is, our observations fit with a model in which cytoplasmic Arm is specifically degraded at or after the metaphaseanaphase transition (see below).
At the present time, we do not understand the precise molecular mechanism whereby progression through mitosis leads to a reduction in cytoplasmic Arm levels. Nonetheless, we reason that the Stg-dependent effects we have observed must be caused through its ability to remove inhibitory phosphate from Cdk1 and thereby induce mitotic entry. This is because: (i) Cdk1 is the only reported target of Stg; (ii) the sole function ascribed to Stg is to promote G2-M progression; and (iii) passage through mitosis correlates with reduced Arm levels in our assays. We therefore conclude that the decreased stability of cytoplasmic Arm during mitosis occurs as a result of increased Cdk1 activity, though we do not know how direct this effect may be. One attractive possibility is that Arm itself is targeted for proteolysis at the metaphase-anaphase transition of mitosis via the anaphase-promoting complex/cyclosome (APC/C), although the Arm protein lacks the canonical sequence recognition motifs that are found in known APC/C substrates. Alternatively, an upstream component of the canonical Wg pathway could be specifically regulated during mitosis such that cytoplasmic Arm is destabilized as a result.
Regardless of the exact mechanism(s) by which passage through mitosis lowers cytoplasmic Arm, it is interesting to ask why varying the gene dosage of stg should modify the sensitized En.Arm phenotypes? Genetic manipulations of Stg activity might feasibly affect the relative number of Cdk1 molecules that are dephosphorylated by Stg at mitosis. Over-expression of Stg, for example, could cause hyperactivation of Cdk1, leading to excessive phosphorylation of Cdk1 substrates (such as the APC/C) and, ultimately, a nearcomplete destruction of the over-expressed Arm. Alternatively, as Stg is the limiting inducer of mitosis in Drosophila cell cycles, manipulating stg dosage may have a more significant effect on the absolute or relative length of time cells spend in mitosis and/or interphase (although see Neufeld et al., 1998) . Such effects could thus impinge on the amount of over-expressed Arm that is degraded during mitosis and the degree of productive Wg signalling during interphase. In this regard, it is interesting to note that mutations in genes encoding other, non-limiting promoters of the G2-M transition (including Cdk1, Cyclin A, Cyclin B and Cyclin B3) do not interact in the En.Arm-based assays (Marygold, 2001) .
Why should Arm be degraded at mitosis? Several answers are possible. First, it may be that intercellular adhesion needs to be relaxed during cell division and that junctional Arm is the primary target of destruction during mitosis, with cytoplasmic Arm being degraded only fortuitously (Figs. 5D and 6 ). The typical rounding up of dividing cells in culture may indeed reflect a general decrease in Arm/b-catenin-mediated adhesion (see Bauer et al., 1998 and references therein). However, it is unclear how the usually stable junctional Arm would be destroyed in this scenario. Second, if some aspects of Wg signalling antagonized mitotic progression, then mitotic degradation of cytoplasmic Arm could be a mechanism employed by the cell to reduce such inhibition and thus allow cell division to continue on cue. Indeed, Wg signalling at the d-v boundary of the Drosophila wing disc is known to inhibit mitotic entry . However, mitotic down-regulation of Wg signalling cannot be absolutely necessary for mitosis to proceed as cells over-expressing non-degradable forms of Arm still appear to divide and proliferate (this study; Zecca et al., 1996) . In a third model, cell cycle-intrinsic attenuation of Wg signalling/Arm levels could serve to reflect the proliferation status of a cell. Healthy and actively proliferating cells would repeatedly lower their cytoplasmic Arm levels at each and every mitosis, whereas a sick, slowgrowing cell would accumulate relatively higher Arm levels during their extended interphase. If imaginal disc cells could detect the relative level of Wg transduction/Arm levels in neighbouring cells, this mechanism could allow the identification and elimination of such relatively slow-growing cells within the disc, as in the process known as 'cell competition' (e.g. Moreno et al., 2002) . Clearly, the future challenge is to discover which of these possibilities is correct.
Experimental procedures
The following stocks were used: Oregon R (wild type); sgg D127 /FM6 (Ripoll et al., 1988) ; En-Gal4 UAS-Arm 16 / CyO, wg-lacZ (Greaves et al., 1999) ; C96-Gal4 UASArm 23 /TM6B, Tb; C96-Gal4 UAS-Arm Flu-D /TM6B, Tb; GFP-Arm (gift from C. Alexandre, N.I.M.R., London, UK); UAS-GFP nls.14 (Neufeld et al., 1998) ; UAS-Stg II.7 (gift from C. Lehner, University of Bayreuth, Germany); hs-Stg 3A /TM6B, Tb (Edgar and O'Farrell, 1990) ; stg AR2 / TM6B, Tb (Edgar et al., 1994) . C96-Gal4 (Gustafson and Boulianne, 1996) and UAS-Arm Flu-D (Zecca et al., 1996) have been described. Other stg alleles and deficiency chromosomes are described at FlyBase (http://fly.ebi.ac.uk:7081/). Crosses were carried out at 258C in vials containing standard organic media supplemented with dry yeast. For the interaction test crosses, appropriate controls were performed at the same time and in identical conditions. The required progeny of a cross were identified by selection against dominant markers on balancer chromosomes. For heat shock induction of Stg expression, En.Arm 16 /CyO, wg-lacZ females were crossed to hs-Stg 3A /TM6B, Tb males and a 24 h embryo collection was made. Progeny were raised at 258C for a further 96 h and then vials were subjected to a 1 h heat shock at 378C. Larvae were allowed to recover for 1 h at 258C before late third instars were collected for dissection.
For the preparation and analysis of adult wings, 1-2-dayold flies were collected and stored in isopropanol. One wing from each fly was dissected in isopropanol, mounted in Euparal (Agar Scientific) and baked at 658C overnight. Ectopic bristles (classed as those that were clearly not incorporated into the wing margin) were then counted in each of 12 wings of each genotype and sex using a Zeiss Axioplan 2 microscope. Representative examples were photographed on 64T Ektachrome film (Kodak) and images assembled using Adobe Photoshop.
For immunolabelling of imaginal wing discs, wandering third instar larvae were collected. Dissection, fixation and immunolabelling were performed essentially as described by White (1998) . Primary antibodies used: mouse anti-Arm (N2 7A1; 1:100, developed by E. Wieschaus and obtained from the Developmental Studies Hybridoma Bank, developed under the auspices of the NICHD and maintained by The University of Iowa, Department of Biological Sciences, Iowa City); rat anti-DE-cadherin (DCAD2; 1:100; Oda et al., 1994) ; rabbit anti-phosphohistone H3 (1:1000, Upstate Biotechnology); mouse anti-HA (1:4000, BabCo). Secondary antibodies used: Alexa 488 goat anti-rat, Alexa 488 goat anti-mouse, Alexa 594 goat anti-rabbit, Alexa 594 goat antimouse (each diluted at 1:300, Molecular Probes). Dissected discs were mounted in Vectashield (Vector Laboratories) and analysed on a Zeiss Axioplan 2 microscope. Fifteen to 25 discs of each genotype were examined in each experiment and five representative discs were selected for confocal imaging using the 63 £ objective lens of a Leica TCS SP laser scanning confocal microscope and Leica TCS NT software. Discs were imaged throughout their Z-axes and the images presented here are projections of two slices (,2 mm thick in total) taken at the level of the apical adherens junctions. Images were processed using NIH Image software and assembled in Adobe Photoshop.
For the detection and analysis of GFP-Arm, five homozygous GFP-Arm wing discs were fixed as described above and mounted in Vectashield containing DAPI (Vector Laboratories). GFP-Arm fluorescence was examined directly and imaged using a Deltavision cooled CCD system and SoftWorX software. GFP-Arm cytoplasmic fluorescence intensities were calculated from high magnification apical projections of uniform thickness, and the Data Inspector function of SoftWorX was used to determine the mean cytoplasmic pixel value within a circular area of constant size in mitotic and neighbouring interphase cells. Images were assembled in Adobe Photoshop. initiating this project. This work was supported by the Medical Research Council, UK.
